r Hypercapnia or parafacial respiratory group (pFRG) disinhibition at normocapnia evokes active expiration in rats by recruitment of pFRG late-expiratory (late-E) neurons.
Introduction
During baseline breathing, rats exhibit minimal expiratory motor activity (passive expiration) (Iizuka, 2011; Andrews & Pagliardini, 2015) . Hypercapnia produces active expiration, i.e. a forced expulsion of air in breathing, via stimulation of abdominal expiratory motor activity (Abdala et al. 2009; Molkov et al. 2011; Huckstepp et al. 2015) . In the ventral medullary brainstem, the transition from passive to active expiration in juvenile or adult rats seems to be determined by the rhythmic activity of the so-called parafacial respiratory group (pFRG) late-expiratory (late-E) neurons located more laterally to, or overlapping with, the retrotrapezoid nucleus (RTN), producing late-E discharges in the abdominal expiratory muscles (Abdala et al. 2009; Pagliardini et al. 2011; Moraes et al. 2012a Moraes et al. , 2014a Huckstepp et al. 2016) . It has been proposed that the pFRG late-E neurons, driving active expiration, sense increases in CO 2 /[H + ] concentration (Marina et al. 2010) or are activated by the central chemoreceptors during hypercapnia (Molkov et al. 2011 (Molkov et al. , 2014 . On the other hand, pFRG disinhibition also produces active expiration at normocapnia (Pagliardini et al. 2011; Huckstepp et al. 2015) , suggesting that pFRG late-E neurons are actively suppressed via GABA and/or glycine neurotransmission at baseline breathing. Therefore, the mechanisms by which the pFRG late-E neuronal activity induces active expiration during hypercapnia and how these discharges affect respiratory motor outflows are not fully understood.
Hypoglossal (HN) and superior laryngeal (SLN) nerves were also found to exhibit late-E discharges during hypercapnia that coincide with abdominal late-E activity (Abdala et al. 2009) , suggesting that the observed late-E discharges in abdominal nerve (AbN), HN and SLN originate from the same generator, i.e. pFRG late-E neuronal activity (Molkov et al. 2010) . This would serve to advance the control of oropharyngeal and upper airway patency, thereby timing it with AbN active expiration when respiratory demands increase due to changes in blood gases. The RTN is proposed as a major site for central CO 2 chemoreception because it contains Phox2b-positive neurons intrinsically activated by CO 2 /[H + ] Guyenet & Bayliss, 2015) and projects to several expiratory and inspiratory brainstem nuclei (Rosin et al. 2006) . However, the brainstem (Pagliardini et al. 2011) and spinal projections of pFRG late-E neurons to respiratory neurons/motoneurons and the physiological role of these projections have been little explored.
Using in situ perfused preparations of juvenile rats (Paton, 1996) , we tested the hypothesis that hypercapnia produces AbN active expiration and concomitant cranial respiratory motor responses controlling oropharyngeal and upper airway patency by disinhibition of pFRG late-E neurons, but not via synaptic excitation. Hypercapnia evoked AbN active expiration, exaggerated late-E discharges in cranial respiratory motor outflows and glottal dilatation by late-E synaptic excitation of abdominal, hypoglossal and laryngeal motoneurons. Simultaneous rhythmic late-E activity in non-chemosensitive (Phox2b-negative) pFRG neurons was also evoked by hypercapnia. In addition, hypercapnia-evoked AbN active expiration, neural and neuronal late-E activities were eliminated by pFRG inhibition, but not after blockade of synaptic excitation. Our data suggest that, under hypercapnia, neither Phox2b-positive RTN nor other CO 2 -sensitive brainstem neurons activate Phox2b-negative pFRG late-E neurons in in situ preparations of juvenile rats. Instead, hypercapnia induces disinhibition of non-chemosensitive pFRG late-E neurons to produce active expiration and concomitant cranial respiratory motor responses controlling the oropharyngeal and upper airway patency. transected caudal to the diaphragm, exsanguinated and submerged in a cooled Ringer's solution (in mM: NaCl, 125; NaHCO 3 , 24; KCl, 3; CaCl 2 , 2.5; MgSO 4 , 1.25; KH 2 PO 4 , 1.25; dextrose, 10). Rats were then immediately decerebrated at the precollicular level, and thus rendered insentient, and skinned. The carotid sinus nerves were bilaterally cut to disrupt the carotid chemoreceptor afferents (McBryde et al. 2013) . The efficacy of peripheral chemoreceptor denervation was confirmed by the absence of respiratory motor responses to peripheral chemoreflex activation using potassium cyanide (0.05%, 50 μl; Merck, Darmstadt, Germany). Using the ventral approach of perfused brainstem preparation , the ventral medullary surface was exposed for neuronal recordings in the caudal nucleus ambiguus (cNA), RTN or pFRG and simultaneous microinjections into pFRG. In some preparations, a ventral spinal cord laminectomy was also performed for motoneuron recordings in ventral aspect of the thoracic spinal cord. Using the dorsal approach of perfused brainstem preparation (Paton, 1996) , the dorsal medullary surface was exposed for motoneuron recordings in the hypoglossal nucleus and simultaneous microinjections into the pFRG. All preparations were transferred to a recording chamber and the descending aorta was cannulated and perfused with Ringer's solution containing an oncotic agent (MW 20,000; 1.25% polyethylene glycol; Sigma, St Louis, MO, USA), and continuously gassed with 5% CO 2 and 95% O 2 using a 520S peristaltic pump (Watson-Marlow, Falmouth, UK). The perfusate was warmed to 31°C and filtered using a nylon mesh (pore size: 25 μm; Millipore, Billerica, MA, USA). In preparations in which we performed neural and neuronal recordings, a neuromuscular blocker was administered (vecuronium bromide, 3-4 μg ml −1 ; Cristália Produtos Químicos Farmacêuticos Ltda, São Paulo, Brazil).
Electrophysiological data acquisition
Respiratory motor nerves were isolated and recorded using bipolar glass suction electrodes. Left phrenic nerve (PN) activity was recorded from its central end. The SLN and HN were isolated in the cervical region, cut distally and their activity recorded. The lower thoracic spinal segment of AbN (T12) was isolated from the abdominal external oblique muscle, cut distally and its activity recorded. Recurrent laryngeal nerve (RLN) was isolated for stimulation (see below). All nerves were recorded in absolute units (μV) and analyses were performed off-line in rectified and integrated (time constant: 50 ms) signals. Baseline PN activity was assessed by their burst frequency and duration (duration of inspiration; DI). The time intervals between consecutive PN bursts were considered the duration of expiration (DE) . The duration of the late-E component of SLN and HN preceding the PN were analysed by its relationship to the beginning of PN burst. The duration of SLN post-inspiratory activity was also quantified. The changes in the PN and HN inspiratory amplitude were expressed as percentage values in relation to basal values. Active expiration was determined when the AbN late-E activity at the end of the second half of expiration (E2 phase) was greater (μV) than the AbN post-inspiratory activity.
Single-unit extracellular recordings of RTN and pFRG late-E neurons, respiratory medullary and spinal motoneurons (Duo 773 Electrometer; World Precision Instruments, Sarasota, FL, USA) were made using glass microelectrodes (10-30 M ) filled with 0.5 M sodium acetate and 1.5% biocytin (Molecular Probes, Grand Island, NY, USA) to juxtacellular labelling of recorded neurons/motoneurons (200 ms pulses of 1.0-4.0 nA at 2.5 Hz for 1-5 min) (Schreihofer & Guyenet, 1997) . Blind whole cell patch clamp recordings were also performed to study the effects of hypercapnia on membrane potential trajectories and on spontaneous excitatory post-synaptic currents (sEPSCs) to spinal and medullary respiratory motoneurons. Electrodes were filled with a solution containing (in mM): potassium gluconate, 130; MgCl 2 , 4.5; trisphosphocreatine, 14; Hepes, 10; EGTA, 5; Na-ATP, 4; Na-GTP, 0.3; biocytin, 0.2%; pH 7.4 and osmolality 300 mosmol kg -1 and had resistances of 3-4.5 M when tested in bath solution. Electrodes were mounted on a micromanipulator (PatchStar; Scientifica, Uckfield, UK) and positioned onto the ventral or dorsal medullary surfaces or ventral surface of spinal cord under visual control (microscope; Seiler, St Louis, MO, USA) using surface landmarks (trapezoid body, rootlets of the HN, basilar artery, area postrema or calamus scriptorius). Voltage (−70 mV) and current clamp experiments were performed using an Axopatch-200B integrating amplifier (Molecular Devices, Sunnyvale, CA, USA). A liquid junction potential of 15 mV was corrected off-line. Gigaseals (>1 G ) were formed and whole cell configuration was obtained by suction. sEPSCs were isolated by locally applying 50 μM of the GABA A and the glycinergic receptor antagonists bicuculline (BIC; Sigma) and strychnine (STRY; Sigma), respectively. Motoneurons in the cNA, hypoglossal nucleus and ventral aspect of thoracic spinal cord were mapped by searching for antidromic field potentials following stimulation of the RLN, HN or AbN (5-10 V, 1 Hz, 0.2 ms pulse width), respectively. pFRG late-E neurons were identified 0.3-0.5 mm caudal to the trapezoid body, 1.8-2.0 mm lateral to the midline and 30-70 μm beneath the ventral surface (Moraes et al. 2012a (Moraes et al. , 2014a . RTN CO 2 -sensitive neurons were identified 0.6-0.7 mm caudal to the trapezoid body, 1.5-1.7 mm lateral to the midline and 10-70 μm beneath the ventral surface. All signals recorded were amplified, band-pass filtered (50 Hz -2 kHz) and acquired (5-20 KHz) with an J Physiol 595.6 A/D converter (CED 1401; Cambridge Electronic Design, CED, UK), using Spike 2 software (Cambridge Electronic Design).
Microinjections into pFRG
The coordinates used for microinjections of BIC/STRY, vehicle, muscimol/glycine (MUS/GLY; 1 mM; Sigma) or kynurenic acid [KYN; 200 mM; Sigma (Moraes et al. 2012b) ] into pFRG were determined in accordance with the location of late-E neurons: (i) 0.3-0.5 mm caudal to the trapezoid body, 1.8-2.0 mm lateral to the midline and 30-70 μm beneath the ventral surface using the ventral approach of in situ preparation; or (ii) 1.5-1.7 mm rostral to calamus scriptorius, 1.8-2.0 mm lateral to the midline and 3-3.2 mm ventral to the dorsal surface of medulla using the dorsal approach of in situ preparation. Drugs were applied bilaterally via a glass micropipette connected to a picopump (Picospritzer II; Parker Instruments, Cleveland, OH, USA) and the injected volume was approximately 20 nl. We included a 1.5% dilatation of fluorescent microbeads (Lumafluor, New York, NY, USA) with all drug application. The drugs were freshly dissolved in saline (0.9%) and the pH was adjusted to 7.4. The pH was determined using a pH indicator (Spezialindikator; Merck).
Measuring subglottal pressure
Changes in upper airway patency were evaluated by direct measurement of subglottal pressure (SGP) (Moraes & Machado, 2015) . The SGP was recorded using a pressure transducer (Model PT 300; Grass, West Warwick, RI, USA). Increases and decreases in SGP were indicative of constriction (adduction) and dilatation (abduction) of the glottis, respectively, thereby giving an index of the dynamic changes in upper airway patency during the respiratory cycle. We measured the time between the decrease of SGP and inspiratory activity (PN) over 30 s periods. Mean values for these 30 s periods were determined.
Hypercapnic stimulus
Using a gas mix device (Gas mixer Pegas 4000, Columbus Instruments, Columbus, OH, USA), the proportion of the gases in the perfusate was altered to increase CO 2 . For hypercapnic stimulus, the concentration was 10% CO 2 /90% O 2 .
Histology
At the end of the experiments, the preparations were perfused first with PBS (0.1 M) and then with 4% paraformaldehyde (PFA) and brainstems or spinal cord were removed and post-fixed in 4% PFA for 24 h. Transverse sections (30 μm thickness) were cut through the brainstem or spinal cord. Immunofluorescence staining was performed with free-floating sections. Sections were blocked and permeabilized in PBS containing 10% normal horse serum and 0.5% Triton X-100 for 1 h at room temperature. After three PBS washes, the sections were incubated in primary antibody rabbit anti-Phox2b (1:800; gift from J.-F. Brunet, Ecole Normale Supèrieure, Paris, France) for 24 h at 4°C. After three PBS washes, the sections were incubated in secondary antibodies Alexa 488-conjugated streptavidin (1:1000; Molecular Probes) and Alexa 647-conjugated goat anti-rabbit (1:500; Molecular Probes) for 1 h at room temperature. Sections were washed three times in PBS and mounted in Fluoromount (Sigma). Images were collected on a Leica TCS SP5 confocal microscope (Buffalo Grove, IL, USA) equipped with 488 and 633 nm laser lines and tunable emission wavelength detection.
Statistical analyses
Results are expressed as mean ± SEM and compared using Student's paired t test or one-way ANOVA with Bonferroni post-tests (GraphPad Prism 4, La Jolla, CA, USA), in accordance with the requirements of each experimental protocol. Differences were considered significant at P < 0.05.
Results
We first investigated whether in situ preparations of juvenile rats did not generate AbN active expiration, and thus enhanced late-E activity in cranial motor respiratory outflows controlling oropharyngeal and upper airway patency at normocapnia due to pFRG suppression by synaptic inhibition. Consistent with this hypothesis and previous studies using in vivo anesthetized preparations (Pagliardini et al. 2011; Huckstepp et al. 2015) , bilateral microinjections into pFRG ( Fig. 1Aa and Ab) of antagonists for GABAergic and glycinergic receptors (BIC/STRY) evoked active expiration, as indicated by bursts of AbN at the late part of E2 phase (Fig. 1B , Ca and Cb). Late-E HN (0.43 ± 0.01 vs. 0.19 ± 0.09 s; P < 0.0001; n = 11) and SLN (0.44 ± 0.02 vs. 0.16 ± 0.006 s; P < 0.0001; n = 11) activities increased after bilateral microinjections of BIC/STRY into pFRG (Fig. 1B-Db) , while the duration of SLN post-inspiratory activity was not affected (P > 0.05; Fig. 1Ca and Cb). Measuring SGP revealed that pFRG disinhibition also exaggerated glottal dilatation at the end of E2 phase (0.36 ± 0.02 vs. 0.09 ± 0.07 s; P = 0.0001; n = 6; Fig. 2Aa surface (vs; arrows) ß 500 µm medial to the spinal trigeminal tract (Sp5). Scale bars: 100 µm; 7, motor facial nucleus. Ab, schematic drawings of coronal sections of the brainstem showing the sites of bilateral microinjections into the pFRG of all in situ preparations of rats used in the present study (at bregma level between -11.30 mm and −11.50 mm; 100-300 µm rostral to the caudal pole of facial nucleus). Scale bar: 500 µm. B, raw and integrated (Þ) records of AbN, SLN, HN and PN activities from one in situ preparation of rat under normocapnia before and after bilateral microinjections (arrows) of BIC/STRY into pFRG. C, magnification of two respiratory cycles from the same in situ preparation of rat before (Ca) and after (Cb) bilateral microinjections of BIC/STRY into pFRG. Note that pFRG disinhibition evoked AbN active expiration, HN and SLN late-E activities, decreased DI, increased DE, but did not affect the PN frequency. D, grouped data comparing the duration of HN (Da) and SLN (Db) late-E activity, DI and DE (Dc) under normocapnia before and after bilateral microinjections of BIC/STRY into pFRG. [Colour figure can be viewed at wileyonlinelibrary.com] decrease in DI (0.54 ± 0.01 vs. 1.26 ± 0.03 s; P < 0.0001), PN frequency did not change after BIC/STRY (P > 0.05; n = 12; Fig. 1B , Ca, Cb and Dc). The ratio of the frequency of AbN active expiration to the frequency of PN bursts increased stepwise from about 1:4/1:3 after unilateral disinhibition of pFRG, to 1:1 after bilateral disinhibition (Fig. 1B) . These effects were in contrast to those for bilateral vehicle microinjections into pFRG that produced neither AbN active expiration nor any significant change in cranial and spinal motor respiratory outflows (P > 0.05; n = 7; Fig. 3A , Ba and Bb).
Hypercapnia also produced marked changes in the cranial and spinal respiratory motor outflows in in situ preparations of rats (Fig. 4A ). These changes were very similar to those observed after bilateral microinjections of BIC/STRY into pFRG. Expiratory AbN activity was Representative tracings of dynamic changes in glottis during the respiratory cycle, including dilatation during inspiration (decrease in SGP) and constriction following inspiration (increase in SGP) from one in situ preparation of rat under normocapnia before (Aa) and after bilateral microinjections of BIC/STRY into pFRG (Ab). Ac, grouped data comparing the time of glottal dilatation in relation to inspiratory activity (PN) before and after bilateral microinjections of BIC/STRY into pFRG of rats under normocapnia. Note that pFRG disinhibition exaggerated late-E glottal dilatation. B, representative tracings of dynamic changes in glottal resistance during the respiratory cycle from one in situ preparation of rat under hypercapnia before (Ba) and after bilateral microinjections of MUS/GLY into pFRG (Bb). Bc, grouped data comparing the time of glottal dilatation in relation to inspiratory activity (PN) before and after bilateral microinjections of MUS/GLY into pFRG of rats under hypercapnia. Note that pFRG inhibition normalized the exaggerated late-E glottal dilatation evoked by hypercapnia.
significantly enhanced, with the presence of a novel high-amplitude burst peaking at the end of E2 phase (late-E). PN burst exhibited a reduced duration during inspiration (DI; 0.51 ± 0.01 vs. 1.23 ± 0.03 s; P < 0.0001), DE increased (4.57 ± 0.11 vs. 3.47 ± 0.03 s; P < 0.0001) with no changes in PN frequency (P > 0.05; n = 12; Fig. 4A , Ba, Bb and Cc). Late-E HN (0.41 ± 0.01 vs. 0.18 ± 0.006 s; P < 0.0001; n = 12) and SLN (0.27 ± 0.01 vs. 0.1 ± 0.008 s; P < 0.0001; n = 12) activities increased (Fig. 4A-Cb) , as well as glottal dilatation at the end of E2 phase (0.39 ± 0.03 vs. 0.1 ± 0.01 s; n = 6; P < 0.0001; Fig. 2Ba and Bc), showing an enhancement of expiratory control of oropharyngeal and upper airway patency, phase-locked with the occurrence of AbN active expiration. On the other hand, hypercapnia increased the amplitude of inspiratory PN (93.5 ± 3.8%) and HN (103 ± 2.3%) activities and reduced the duration of SLN post-inspiratory activity (2.75 ± 0.06 vs. 3.36 ± 0.1 s; P < 0.0001; Fig. 4A , Ba and Bb), which were not observed after bilateral microinjections of BIC/STRY into pFRG (P > 0.05; Fig. 1B , Ca and Cb).
pFRG disinhibition in in situ preparations of rats during hypercapnia was not able to produce any additional change in AbN active expiration, late-E HN and SLN activities, or DI and DE (P > 0.05; n = 12; Fig. 4A -Cc), suggesting that hypercapnia eliminated the synaptic inhibition to pFRG. In this regard, activation of GABAergic and glycinergic receptors in the pFRG, using MUS/GLY, eliminated the hypercapnia-evoked AbN active expiration, HN (0.23 ± 0.02 vs. 0.22 ± 0.01 s; n = 9) and SLN (0.12 ± 0.01 vs. 0.11 ± 0.01 s; n = 9) late-E activities, normalized DE (3.47 ± 0.09 vs. 3.37 ± 0.08 s) and DI (1.04 ± 0.05 vs. 1.15 ± 0.05 s; n = 9; Fig. 5A -Cc) and glottal dilatation at the end of E2 phase (0.12 ± 0.02 vs. 0.1 ± 0.01 s; n = 6; Fig. 2Ba and Bc) in relation to normocapnia. However, activation of GABAergic and glycinergic receptors in the pFRG did not affect the hypercapnia-evoked increases of PN and HN inspiratory amplitude (P > 0.05; n = 9; Fig. 5A-Bb) . In addition, blockade of ionotropic glutamatergic receptors using KYN did not affect the hypercapnia-evoked changes in the cranial and spinal respiratory motor outflows (P > 0.05; n = 8; Fig. 6A-Bb) .
To determine the effects of hypercapnia, inhibition, disinhibition or blockade of synaptic excitation in the pFRG on the medullary and spinal neuronal activity, we performed neuronal extracellular and whole cell patch clamp recordings using ventral and dorsal approaches of in situ preparations of rats, while injecting MUS/GLY, BIC/STRY or KYN into pFRG.
Spinal abdominal aug-E motoneurons
The ventral aspect of the thoracic spinal cord region contains abdominal aug-E motoneurons that drive expiratory abdominal muscles (Iizuka, 2011) . We tested whether hypercapnia-evoked AbN active expiration is due to an increase in firing frequency of abdominal aug-E motoneurons and whether this response is determined by pFRG. Abdominal aug-E motoneurons were antidromically activated by T12 AbN stimulations (Fig. 7A) , extracellularly recorded ventrally in the thoracic region of the spinal cord (Fig. 7B) , and showed increasing firing frequency at E2 phase ( Fig. 7C and Da) . Bilateral microinjections of BIC/STRY into pFRG evoked AbN active expiration and increased the firing frequency of abdominal aug-E motoneurons at the end of E2 phase (109 ± 6.74 vs. 26.38 ± 2.98 Hz; P < 0.0001; n = 6; Fig. 7C-Db) to values similar to those recorded during hypercapnia (102.3 ± 6.52 Hz; n = 7; Fig. 8A and Ba) in in situ preparations of rats. In addition, activation of GABAergic and glycinergic receptors in the pFRG of in situ preparations during hypercapnia (n = 7), using MUS/GLY, simultaneously eliminated the AbN active expiration and normalized the firing frequency of abdominal aug-E motoneurons in relation to motoneurons recorded during normocapnia (28. -Bb) .
Whole cell patch current and voltage clamp recordings were performed to evaluate whether hypercapnia affects membrane potential trajectories, frequency and amplitude of sEPSCs to spinal abdominal aug-E motoneurons. In this regard, hypercapnia did not affect the membrane potential of abdominal aug-E motoneurons either during inspiration (P > 0.05) or following inspiration (P > 0.05; Fig. 9A and B) . On the other hand, hypercapnia selectively increased the frequency (121.4 ± 5.2 vs. 58.69 ± 5.92 Hz; P < 0.0001; n = 7), but not the amplitude (P > 0.05), of sEPSCs to abdominal aug-E motoneurons at the end of E2 phase (Fig. 9C and D) . These data suggest a possible functional connectivity between pFRG and spinal abdominal aug-E motoneurons for generating AbN active expiration.
Hypoglossal and laryngeal inspiratory motoneurons
Late-E HN and SLN activities and control of oropharyngeal and upper airway patency at the end of E2 phase are determined by inspiratory hypoglossal (Gestreau et al. 2005 ) and laryngeal (Moraes & Machado, 2015) motoneurons, respectively. We tested whether the hypercapnia-evoked enhancement of late-E HN and SLN activities is due to increases in firing frequency of inspiratory motoneurons in hypoglossal nucleus and in cNA, respectively, and whether these responses are determined by pFRG. Medullary respiratory motoneurons were antidromically activated from the ipsilateral HN (Fig. 10A) or RLN (Fig. 11A ) stimulations and were located in the hypoglossal nucleus (Fig. 10B) or cNA (Fig. 11B) , respectively. Inspiratory hypoglossal (Fig. 10C ) and laryngeal motoneurons in in situ preparations of rats during normocapnia showed a ramping pattern of activities with maximal firing frequency during inspiration. Bilateral microinjections of BIC/STRY into pFRG evoked AbN active expiration and increased the firing frequency of inspiratory hypoglossal (26.16 ± 2.05 vs. 4.28 ± 0.98 Hz; n = 8; P < 0.0001; Fig. 10C -Db) and laryngeal (26.95 ± 2.27 vs. 3.38 ± 0.93 Hz; n = 6; P = 0. 32.45 ± 1.7 Hz; P = 0.002) motoneurons during inspiration, which were not affected by pFRG inhibition using MUS/GLY (P > 0.05; Fig. 11C -Db). Whole cell patch current and voltage clamp recordings were also performed to evaluate whether hypercapnia affects membrane potential trajectories, frequency and amplitude of sEPSCs to inspiratory hypoglossal and laryngeal motoneurons. Hypercapnia did not affect the membrane potential of inspiratory hypoglossal ( Fig. 12Aa and Ab) or laryngeal ( Fig. 12Da and Db) motoneurons either after inspiration (P > 0.05) or during E2 phase (P > 0.05). Hypercapnia selectively increased the frequency, but not the amplitude (P > 0.05), of sEPSCs to both hypoglossal and laryngeal motoneurons not only at the end of E2 phase [(hypoglossal: 29.87 ± 2.57 vs. 3.83 ± 0.59 Hz; P = 0.0002) (laryngeal: 31.8 ± 3.03 vs. 2.62 ± 0.4 Hz; P = 0.0007)], but also during inspiration [(hypoglossal: 71.17 ± 2.86 vs. 37.37 ± 2.98 Hz; P = 0.0004; n = 6) (laryngeal: 69.5 ± 2.63 vs. 42.58 ± 4.04 Hz; P = 0.005; n = 5), Fig. 12Ba -Cb and Ea-Fb].
pFRG late-E neurons
We performed extracellular recordings of late-E neurons in the pFRG of in situ preparations of rats during hypercapnia to test whether these neurons are the common source of synaptic excitation to spinal abdominal aug-E, hypoglossal and laryngeal inspiratory motoneurons at the end of E2 phase. Under hypercapnia, we found Phox2b-negative ( Fig. 13Aa-Ac) expiratory rhythmic neurons (late-E neurons; 31.19 ± 2.19 Hz), more laterally to RTN, with a decreasing pattern at the end of E2 phase in the pFRG of in situ preparations of rats, well correlated with AbN active expiration and HN late-E activity (Fig. 13B) . Switching from hypercapnia to normocapnia, pFRG late-E neurons became silent in all in situ preparations (Fig. 13C ) and bilateral microinjections of BIC/STRY into pFRG again activated these late-E neurons (27.26 ± 2.94 Hz; n = 7; Fig. 13D ), suggesting that pFRG late-E neurons are the source of synaptic excitation to spinal and medullary respiratory motoneurons at hypercapnia. In addition, activation of GABAergic and glycinergic receptors using MUS/GLY (Fig. 14A-Bb) , but not blockade of ionotropic glutamatergic receptors (29.9 ± 3.57 vs. 28.57 ± 2.79 Hz; n = 7; Fig. 14C -Db), in the pFRG of in situ preparations of rats during hypercapnia eliminated the pFRG late-E neuronal activity, consistent with the idea that pFRG late-E neuronal disinhibition drives late-E discharges in cranial and spinal respiratory motor outflows under hypercapnia.
RTN neurons
To evaluate the effects of pFRG inhibition on the CO 2 sensitivity of Phox2b-positive RTN neurons, we performed extracellular recordings of RTN neurons under hypercapnia while MUS/GLY was bilateral microinjected into pFRG. We found Phox2b-positive . Hypercapnia increases synaptic excitation to hypoglossal and laryngeal inspiratory motoneurons in in situ preparations of rats A, raw records of PN and whole cell patch current clamp records of hypoglossal inspiratory motoneurons from one in situ preparation of rat under normocapnia (Aa) and hypercapnia (Ab). B, raw records of PN and whole cell patch voltage clamp (−70 mV) records of hypoglossal inspiratory motoneurons from one in situ preparation of rat under normocapnia (Ba) and hypercapnia (Bb). C, grouped data comparing the frequency of sEPSCs to hypoglossal inspiratory motoneurons under normocapnia and hypercapnia at the end of E2 phase (Ca) and during inspiration (Cb). D, raw records of PN and whole cell patch current clamp records of laryngeal inspiratory motoneurons from one in situ preparation of rat under normocapnia (Da) and hypercapnia (Db). E, raw records of PN and whole cell patch voltage clamp (−70 mV) records of laryngeal inspiratory motoneurons from one in situ preparation of rat under normocapnia (Ea) and hypercapnia (Eb). F, grouped data comparing the frequency of sEPSCs to laryngeal inspiratory motoneurons under normocapnia and hypercapnia at the end of E2 phase (Fa) and during inspiration (Fb). Note that hypercapnia increased the firing frequency of hypoglossal and laryngeal inspiratory motoneurons, and the frequency, but not the amplitude, of sEPSCs not only at the end of E2 phase but also during inspiration.
( Fig. 15Aa-Ac) tonically firing neurons in the RTN that were CO 2 -sensitive (12.82 ± 0.67 vs. 4.97 ± 0.71 Hz; P < 0.0001; Fig. 15B ). Bilateral microinjections of MUS/GLY into pFRG under hypercapnia did not affect the CO 2 -induced increase in the RTN neurons firing frequency (13.04 ± 0.62 vs. 12.82 ± 0.67 Hz; n = 5), despite the elimination of AbN active expiration (Fig. 15B) . These data suggest that the CO 2 sensitivity of Phox2b-positive RTN neurons does not depend on the integrity of pFRG late-E neurons.
Discussion
The present study has extended our current knowledge of the control of expiration by pFRG late-E neurons, and their interactions with spinal and medullary respiratory motoneurons, under hypercapnia. Our data suggest that hypercapnia evokes disinhibition of non-chemosensitive (Phox2b-negative) pFRG late-E neurons, but not synaptic excitation. In addition, under hypercapnia, pFRG late-E neurons seem to be the common source for generating AbN active expiration and its concomitant cranial respiratory motor responses that control the oropharyngeal and upper airway patency, at the end of E2 phase, via synaptic excitation of spinal abdominal aug-E, hypoglossal and laryngeal inspiratory motoneurons. Expiration becomes actively involved in breathing when pFRG late-E neurons are disinhibited or photo-activated, suggesting that pFRG is silent at rest due to synaptic inhibition (Pagliardini et al. 2011; Huckstepp et al. 2015) . We have confirmed our hypothesis that hypercapnia also produces active expiration by disinhibition of pFRG late-E neurons, but not via synaptic excitation. Disinhibition of pFRG evokes late-E activity in pFRG neurons and AbN active expiration in in situ preparations of juvenile rats, as shown before in adult anaesthetized rats (Pagliardini et al. 2011; Huckstepp et al. 2015) . Switching to hypercapnic conditions in in situ preparations of rats also evoked well-expressed expiratory discharges in pFRG late-E neurons and AbN active expiration, which were identical to those described previously by others (Abdala et al. 2009; Moraes et al. 2012a Moraes et al. , 2014a Huckstepp et al. 2015) . Additional changes in AbN active expiration were not observed following disinhibition of pFRG under hypercapnia. On the other hand, activation of GABAergic and glycinergic receptors, but not blockade of ionotropic glutamatergic receptors, eliminated late-E neuronal activity in the pFRG and AbN active expiration. We conclude that pFRG late-E neurons are silent at normocapnia due to post-synaptic inhibition mediated by GABAergic and/or glycinergic receptors (Pagliardini et al. 2011) and hypercapnia sufficiently excites these neurons by synaptic disinhibition, which triggers active expiration.
Synaptic inhibition in the brainstem seems to be essential for generating stable respiratory patterns and breathing movements (Smith et al. 2013; Abdala et al. 2015; Marchenko et al. 2016) . According to different models, this may involve reciprocal inhibition between different expiratory and inspiratory neuronal populations in the Bötzinger (BötC) and pre-Bötzinger (pre-BötC) complexes (Molkov et al. 2011; Smith et al. 2013) . The present study also suggests that synaptic inhibition to pFRG late-E neurons is important to control the generation of AbN active expiration and concomitant responses in the cranial respiratory motor outflows under hypercapnia. Synaptic inhibition to pFRG late-E neurons may originate in respiratory GABAergic and glycinergic neurons from ventral respiratory group (VRG) (Smith et al. 2013) , particularly from the BötC post-inspiratory ones. In this regard, hypercapnia, but not pFRG disinhibition, reduced the duration of SLN following inspiration. It has also been shown that hypercapnia hyperpolarizes VRG post-inspiratory neurons (Kawai et al. 1996) , which may reduce the synaptic inhibition following inspiration to pFRG late-E neurons, increasing the remaining expiratory time and allowing late-E neurons to fire at the end of E2 phase. On the other hand, we cannot rule out the possible contribution of tonic synaptic inhibition to pFRG for the control of late-E neuron excitability at baseline breathing. Inputs from the nucleus tractus solitarius inhibitory neurons could be a source of tonic synaptic inhibition to pFRG, which may control membrane potential subthreshold oscillations of the presumably rhythmic intrinsic bursting late-E neurons (Abdala et al. 2009 ) during baseline breathing, avoiding neuronal action potential at the end of E2 phase. Hypercapnia could directly reduce the respiratory-related or tonic synaptic inhibition to pFRG late-E neurons presynaptically, allowing late-E neurons to fire at the end of E2 phase. Therefore, new electrophysiological experiments are needed to evaluate membrane potential trajectories, rhythmic intrinsic bursting properties and inhibitory post-synaptic currents to pFRG late-E neurons at different phases of the respiratory cycle under normocapnia and hypercapnia for a better understanding of synaptic mechanisms determining the excitability of pFRG late-E neurons. It is also important to determine whether synaptic disinhibition contributes to the activation of pFRG late-E neuronal oscillations under other physiological conditions in which active expiration is recruited, such as peripheral chemoreflex activation (Moraes et al. 2012a) , exercise (Abraham et al. 2002) and sleep-associated irregular breathing (Andrews & Pagliardini, 2015) . Network dysfunctions in these circuit mechanisms may also underlie the presence of AbN active expiration, associated with the emergence of pathogenic processes, such as those observed in rats subjected to chronic intermittent hypoxia (Zoccal et al. 2008; Moraes et al. 2013) or sustained hypoxia (Moraes et al. 2014a ) and in spontaneously hypertensive rats (Moraes et al. 2014b) . It has been proposed that CO 2 chemoreception involves Phox2b-positive neurons located in RTN, which play an important role in respiratory responses to central chemoreceptor activation Marina et al. 2010; Takakura et al. 2014; Guyenet & Bayliss, 2015) . RTN CO 2 -sensitive neurons are glutamatergic and establish connections with several medullary respiratory neurons and motoneurons (Rosin et al. 2006) . Our experimental study suggests that hypercapnia-evoked AbN active expiration, HN and SLN late-E activities, and exaggerated glottal dilatation at the end of E2 phase are determined by disinhibition of Phox2b-negative pFRG late-E neurons located more laterally to the RTN. On the other hand, pFRG inhibition did not affect the inspiratory increases (amplitude) in cranial and spinal respiratory motor outflows in response to hypercapnia in in situ preparations of rats, which may involve connections between RTN CO 2 -sensitive and inspiratory neurons/motoneurons of pre-BötC, hypoglossal nucleus and cNA (Rosin et al. 2006) . The pFRG contains glutamatergic neurons in neonatal rats (Onimaru et al. 2008 ) and pFRG late-E neurons seem to exert excitatory activity not only on spinal abdominal aug-E motoneurons, possibly also involving bulbospinal caudal VRG aug-E neurons (Iizuka, 2011; Silva et al. 2016) , but also on hypoglossal (Pagliardini et al. 2011) and laryngeal inspiratory motoneurons, culminating in AbN active expiration and late-E increases in HN and SLN discharges at the end of E2 phase. The last two may be important for the control of oropharyngeal and upper airway patency at the end of expiration when respiratory demands increase due to changes in blood gases.
In the present study we used a very small and well-defined injection volume (20 nl) into pFRG, around 300-500 μm medial to the spinal trigeminal tract (Sp5), in the same region in which we previously recorded ventral medullary late-E neurons (Moraes et al. 2012a (Moraes et al. , 2014a . Therefore, it is not surprising that all pFRG microinjections provided consistent responses in terms of recruitment (pFRG disinhibition) or elimination (pFRG inhibition) of AbN active expiration, and concomitant cranial respiratory motor responses. Previous studies have demonstrated that disinhibition of ventral medullary neurons [using large injection volumes (50-200 nl) of BIC/STRY] in the lateral edge of the facial nucleus, juxtaposed to the Sp5, was also able to evoke AbN active expiration (Pagliardini et al. 2011; Huckstepp et al. 2015) . It is conceivable that neurons located medial (300-500 μm medial to the Sp5) to the centre of their injection sites could have been affected to various degrees by injecting large volumes juxtaposed to the SP5. Therefore, it is possible that pFRG late-E neurons are distributed in the ventral (up to 500 μm medial to the Sp5) and lateral edges (juxtaposed to the Sp5) of the facial nucleus in the ventral medullary surface. Although we cannot exclude the possibility of caudal spreading of drugs after our small volume microinjections into the pFRG, especially toward more medial RTN CO 2 -sensitive neurons , we recorded late-E neurons in the pFRG more laterally to the RTN (Fig. 13) , concurrent with AbN active expiration and late-E activity in HN. MUS/GLY microinjections into pFRG eliminated AbN active expiration and neuronal late-E activity. This limitation attributed to microinjection spread was also addressed in parallel experiments with inactivation of pFRG and simultaneous records of RTN CO 2 -sensitive neurons, showing that MUS/GLY into pFRG eliminated AbN active expiration, but did not affect the CO 2 sensitivity of more medial Phox2b-positive RTN neurons.
Several recent studies have suggested that pFRG neurons present characteristics consistent with a late-E oscillator, producing AbN active expiration in juvenile/adult rats only under conditions of high central respiratory drive (Abdala et al. 2009; Moraes et al. 2012a Moraes et al. , 2014a Molkov et al. 2014; Huckstepp et al. 2015) . At normocapnia, in the absence of active expiration, pFRG neurons in juvenile/adult animals are silent (Abdala et al. 2009; Pagliardini et al. 2011; Moraes et al. 2012a Moraes et al. , 2014a . When disinhibited or photo-activated, they induce active expiration and become late-E modulated (Pagliardini et al. 2011) . Previous studies also suggest that RTN Phox2b-positive neurons drive active expiration (Marina et al. 2010; Abbott et al. 2011) by sensing high levels of CO 2 /[H + ] and influencing the oscillatory activity of the pFRG late-E neurons to drive active expiration (Molkov et al. 2010 (Molkov et al. , 2011 (Molkov et al. , 2014 . However, there is no data showing that Phox2b-positive RTN CO 2 -sensitive neurons present late-E modulation to influence pFRG late-E neurons under hypercapnia in juvenile/adult rats. Given that the blockade of ionotropic glutamatergic receptors did not affect either AbN active expiration or pFRG late-E oscillations, the present study suggests that RTN Phox2b-positive neurons, or other brainstem CO 2 -sensitive neurons, do not activate pFRG late-E neurons under hypercapnia to produce AbN active expiration. On the other hand, we cannot rule out the possibility that pFRG late-E neurons present intrinsic CO 2 /[H + ] sensitivity and do not need synaptic excitation to produce AbN active expiration under hypercapnia, despite the absence of immunostaining for Phox2b. We believe that pFRG Phox2b-negative late-E neurons are distinct from the more medial Phox2b-positive RTN CO 2 -sensitive neurons and that both populations are recruited under conditions of enhanced respiratory drive (hypercapnia) to accelerate expiration and inspiration, respectively, as proposed by Huckstepp et al. (2015) . However, additional studies are needed to test the intrinsic CO 2 /[H + ] sensitivity of pFRG late-E neurons in juvenile/adults rats.
In conclusion, by evoking non-chemosensitive (Phox2b-negative) pFRG late-E neurons via synaptic disinhibition, hypercapnia promotes synaptic excitation of spinal and medullary motoneurons and generates AbN active expiration and concomitant responses in cranial respiratory motor outflows that control oropharyngeal and upper airway patency in in situ preparations of juvenile rats. We postulate that CO 2 -sensitive brainstem neurons do not activate pFRG late-E neurons under hypercapnia to produce cranial and spinal motor responses at expiration; rather, hypercapnia produces disinhibition of the conditional pFRG late-E neuronal oscillator.
